
~~
‘AO—A04S 061 COl ORADO UNIV BOULQ(R ELECTRO$4AGNETICS LAB FIG 2O/1~PROPAGA TING MODES ALONG * THIN WIRE LOCATED ABOVE A GifOUNOCO OI—ETC(U)

JUN 77 E F IWESTER. D C CHANG F19628—77—C—0093
UNCLASSIFIED . TR—2 RADC—TR—17—228 P1..

_ _ _  

_ Ut

JJ



I c~ 
III~i.2_~ ______

____________ 
~~ 2.2
~~

I ~ ~ 
~ IIO~0

4 _____________

((1(11 
~~~~~~~~ IfIIIi.~ ~

MICROCOPY RESOLUT ION TEST CHAR T
N.Y NA , BU R I A t I  A ~ IA N ~ A p f ~ .



I~ni~~~ Report ! 
~~cc

PROPAGATING MODES ALON G A THIN WIRE
LOCATED ABOVE A GROUNDED DIELECTRIC SLAB

University of Colorado

Approved for public release; distribution unlimited

I

>—
::‘

~ D CC )  ROME AIR DEVELOPM ENT CENT~ER

7 ~~~ AIR FORCE SYSTEM S COMMAN D ~ f7~P

~~~ 
GRIFFISS AIR FORCE BASE , NEW YORK 13441

/

~~~~ 44



- ~~~~~~~~~~~~~~~~~~~~~~ —~~-—~— ~~~~~~~~~~~~~~ •~ -~~~~~ - - ~ —— —~—- —~~~~~ -~~~~~~--~~~~-—-~~~~

This report has been reviewed by the RADC Intomation Office (ox )
and is releasable to the National Technical Information Service (NTIS).
At NTIS it will be releasable to the general public, including foreign
nations.

APPROVED~
f

i0
~~
’
~
. ~8’. £~~C 2 . ~44&

JOHN D. ANTONUCCI
Project Engineer

APPROVED:
ALLAN C. SCHELL
Acting Chief
Electromagnetic Sciences Division

FOR THE COMMANDER : $2i_ii~~tA__6~~ m.i~.
_

P~~ns Off ice

p

I
~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~



..:T ~~~~:T~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~

SECURITY C L A S ~ I F I L A T i O ’ ~ OF T I llS  PA G E  (iThen flae Entered )

(T~J) 
REPORT DOCUMENTAT I ON PAGE

• REPO ~~~~~~~ 2. G O V T  ACCESSION NO. 3. H E C I P ! E N T ’ S C A T A L O G  EUMREh

~Lf~~~~~~ R- 77~228 j  - 

_
4. T I T L E  (and S.~btitie) 4. 1-~~~.. ,.,r r.r~V UR1 ~~P3 RIOO CO

-
~ c.~,/ PRO PAG J VII N G ~1OULS ALONG A ~ UIN WIRE Technical  /ep.rt.

L ____

~

LOCATEE) ABOVE A GROUNDED D IELECTR I C SLAB . ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
____ T e c h n i c a l  R e p o r t  ~ o .  -
7. A~~T NOR~ a~ - -

J,~i Edward Fj~uester a~d L)avid cj~han~J 
~~~~~~~~~ ~~ l9628-77-C-4c’t~~~~Z~~~.

H 
_ _ _ _ _ _ _ _ __ _ _ _ _ _ _ __ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _

9. PERFORM ING O R G A N I Z A T I O N  NAME AND ADDRESS ( 10. PR 9A J_~~ - -~~~~8 w O R K  Ul , IT  ~~U M O 5 i~ 5

Electromagnetic Laboratory~
Dept . of Electrical Engineering
University of Colorado, Boulder , CO 80309 _____________________________

I I. CONTROLLING OFFICE NAME AN D ADDRESS 12. PJDw1~ O~~T~ —I
Deputy for Electronic Technology (RADC/ETEP) / 1 Ju~~ ~~77 ] /
Hanscom AFB , Massachusetts 01731 ‘~~ . u~~pn -~,,-

Monitors : J.D. Antonucci 21
14 . MO’~ITORING A GENCY NAME & ADDRESS(i !  different Iron, Controliiné Off ice) lb. S E C U R I T Y  C L A S S .  (of I?,,, report)

isa . DE~~L A S S l F C A T ~~~N D O ~~~~~~ A D NG
S CHEDULE

16. DISTRIBUTION S T A T E M E N T  (of this Report)

Approved for public release; distribution unlimitr~d

17. D I S T R IB U TI O N  S T A T E M E NT  (of the abs t ract entered in Block 20, if dlfferenl from Rep ort)  ~~~

1~~~r~ fl . i7~Th
SEP ~~ 1377

18. SUPPLEM E N T A R Y  NOTES H ~~~ ~B

79.  K E Y  WO R OS (Conhinu~ on rerepse aide I/ necessary and identify by block number)

electromagnetic propagation , guided modes, wire above a grounded
dielectric slab , air-strip monitoring system

20 , 
~ 

bS..~~d A C T  (Cont inue on re~’ .,’ e  ..,de It ne~~rssory  and ident,fy by hl ock r o?~~r~ 
——________

The possible propagating modes supported by a wire located parallel
to a grounded die1ect~ ic slab are invest igated . While at low f requencies .
~quasi-TEM~~~ehavior is exhibited , it is shown numerically that under

certain condition s, a very d ifferen t~~’siirface_attached~~character emerges.
These results suggest the possibility of similar heha~ ior occurring in
the related , but more difficult to analyze configuration of open microstr ip
l ines.  The particular structure w~~analyzoihere is of interest ma inly
because of its potential application in air strip ground radar moni torin ~~

DD ~~~~ 1473 E D I T I O N  OF I N O V  65  iS l~~-~~LE~~’E 

~~~~ —~~~ L ~2src uPrr y CL A S S , T i~~A T  ~ N O~ • ! S  r~~~ r)a e F’ te

H
•i

~

&:&

~

:

~ 

~~~~~~ -~~~ 
- -- A



F
- SEC U R I T Y  CI. A S S I F IC AT I O N  OP THIS PAGE(~Th.n bat . Ent.r.d)

20. (continued)

• _~~~~~~ system , which conceivably can consist of a horizontal wire located above a
• —‘ reinforced concrete slab lying above a conducting earth surface.

SECURITY C L A S S I P I CA T I O N  OF YHI S PAGE(*~ .n Cat. A ntered)

2

~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ 

,

~~~~~~~~~



3

I Introduction

It has recently been found [1 ,2] that a thin horizontal wire located

parallel to a conducting earth can support a so-called “earth-attached”

mode in addition to the well-known “transmission line” mode wh ich becomes

• TEM in the limit of a perfectly conducting earth. The physical mechanism

wh ich gives rise to this new mode seems to be an interaction of the wire

with the Zenneck surface wave of the air-earth interface. If , instead of

a semi-infinite earth, the wire is located above a grounded dielectric slab ,

as show-n in Fig. 1 , it seems possible that similar inter.~ction could occur

with the TM surface wave of the slab (whose surface wave character s more

pronounced than that of the Zenneck wave), and that a second mode could

appear in this case as well. Among other possible applications , such a

structure conceptually could be a very practical one to use in the develop-

ment of air strip or perimeter monitoring systems installed above a rein-

forced concrete slab of finite thickness lying on the top of a conductive

earth. In addition it may also give some insight into the structurally

similar microstrip transmiss ion line at much higher frequenc ies. However ,

with the use of a thin wire assumption , there is no need to solve an

integral equation for the current in the conductor (as is the case with

microstrip) before f ind ing the equation for the propaga tion cons tant . I t

can thus be decided by studying the present configuration whether such a

phenomenon as con jectured above could be expected in m icrostr ip, before

actually going through the analysis . Since the only prev ious re lated work

seems to have been an investigation of a wire centered in an ungrounded

slab [3], in which cas e, no TEM mode exists in the low frequency limit ,

the analysis of the present problem also seems desirable for the better

unders tandin g of other problems involv ing for example , the proper ti es of

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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two-wire transmission lines partially filled with dielectric.

II. Formulation of the modal equation

Let the thickness of the slab be t , and its relative permittivity

C =fl~~. The wire , whose radius is a, is located at a height d above the

surface of the slab. The characteristic equation for propagating modes

can be derived in a thin-wire approximation by following the procedure of

Wait [4] who treated a wire over the earth . We shall therefore omit most

of the detail in the derivation , touching only high points and presenting

the final result.

It is assumed that a current I exp (ik
0
ctz-iwt) is flowing in the wire ,

where k0=w (IJ0c0)
½ is the free space propagation constant , and c~ is the

normalized propagation constant of a mode on the wire. The z-axis coincides

with the ax is of the wire , while the x and y coordinates in the trans-

verse plane are indicated in Fig. 1. The field of this current can be

given in terms of the Whittaker potentials (z-components of electric and

magnetic Hertz vectors) U and V as

a 2v . auE =—  + 1141 — H — - iwc—x a~3z 0 ay x ax az

~
2
jj . av a 2v . auE - iwli — H = — + i w~ —

y ayaz 0 ax y ayaz ax (1)

2 2 2 2 2 ~= (k + a /az )U H
~ 

= (k + a /D z~ )V

The potentials U and V can be given as Fourier integrals with respect

to y as follows (I is chosci t~ eliminate a constant appearing outside

al~ the integrals , and the propagation factor exp(ik0
csz-iut) is understood

to appear in all field quantities) :

fr -k0u1~ x-d l -k0
u1

(x+d) 1 +ik0Xy dAU = + R(X)e J e — ; x > 0 ( 2 )

-

—- - ~~~~~~~~ , .~~~~
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= J e
0U1

d 

[p(A)e 
o~~2~ 

+ S (A ) e  o 2
x~ 

e 
+ik

0
Xy 

~~ 
- t < x < 0 (3)

I -k u (x+d) +ik  À y 
~V = 

j e 0 1 M(A) e 0 
~~ 

x > 0 (4)

f -k0
u~d r~ +k

0u x -k0
u
2xl 

+ik
0
Ay dA

= j e  N ( A ) e  2 + Q ( X ) e  J e — ; -t < x < 0 (5)
-

~~~ L 1

where , in order to assure convergence of the integrals ,

u
1 

= ( A ç 2 ) ½ 
, u., = (X 2_

~~)
½ ; Re u

1
>0 (6)

2 2 2 2
and ~ = I - , 

~ 
= n - . The sign of u

2 
will be irrelevant since

al l  function s encountered here are even in U :, .

By enforcing continuity of tangential E and H at x=0 , and the vanish-

ing of tangential ~ at x = — t , a system of equations for the unknowns

P,R,S,M,N and Q is obtained . In particular , after some algebra , it is

found that

2u
1sinh u2

T çu1cosh u.,
T+~~u, sinh u~T

R( A) = -l + — ., — - — -
[u

1sinh u2
T+u, cosh u 2T][n u1

cosh u 7 I + u 2 sinh u,T l

(7)

where T=k
0
t is a normalized slab thickness . This could be considered

as one of the special cases of a stratified half-space discussed by Wait

[5]. The moda l equation determining a is found in the thin wire approx-

imation (k0
a<<l , a<<d) by enforing the t oundary condition E = 0  at a single

point on the wire [4] or by setting its average value at the wire surface

equal to zero 12]. From (1), (fl and (7), we f ind

- II~~~(2~D ) ]  + F(a) = 0 (8)
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where the Hankel function of first kind ,

A = k
0
a; P = k 0d

and 
2 2 .

2 [
~ n 

u1
cosh u.,T + ç u 2 sinh u

2
T] sinh u.)T -2u

1
i)

F(cs ) = —  - 

2 dA
111

1 h  u2
1’+ u2cosh u2T][fl u1

cosh u
2
T+ u

2
sinh u

2
T]

The value of ~ is to be chosen so that Im~~� O ensuring a mod e which is

bounded at infinity in any transverse direction in the a i r .

As n-~~ or T-’-O , it can be seen that F (ct)-*0, and thus the first two

terms of (8) represent the effect of a wire and a perfect image at a distance

d below the surface of the slab . Similarly, as n
2-~l , the terms in (8)

can be identified as the wire term and a perfect image term at a distance

d+t below the grounding conductor. In any of these limits , the solution

is ~~~ or ct=±l , and the mode is a TEM mode traveling on the wire-image

transmission line . Clearly F(ct) represents the effect of the slab; in

fact , the factor [u1 
sinh u2T+u7 cosh u2TI in the denominator of (9) is ,

when set equal to zero, the eigenvalue equation for TE surface waves on

the grounded slab [6] in the absence of the wire , where u1 
is the attenu-

ation constant in the vertical direction . Likewise , the factor

[n 2u 1 cosh u~ T + u 1 sinh u 2T] corresponds to TM surface waves.

The integrand of (9) t he re fore  has poles ±A ~, ± X 2 ’ •

tn t ’ total number 2N of which that lie in the Riemann sheet (6) depends

upon the thickness T and refrn~~ ivc index n of the  s l ab .  Since the  p ath

of i n t e g r a t i m  in the  A-p lane  l i e s  on the real axis , it is  convenient

to choose the +A to be those w i t h  pos i t ive  imag inary part . Each pole

is a function of a, and if ~ varies such that some pole A - crosses the
~~1

~~~~~, ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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integration path , a discontinuity occurs in F(a) as well as in the

expressions for the fields ,so that m A  = 0 in fact define a set of branch

cuts in the a-plane at ±~~ - as shown in Fig. 2, in addition

to the already known pair at a=±l .Ph ysically, these cuts correspond to

fields radiating away from the wire , along the slab into the given surface

wave, at various (possibly complex) angles to the wire , with a normali:ed

wave number a in the i-direction and A~ . in the y-direction. The require-

ment ImA �0 assures that none of the surface waves grow as they move
Pi

away from the wire. We further note that , independent of the thickness

of the slab , there is at least one TM pole in the solution to the slab

at any given frequency. Thus it is not difficult to understand why the

transverse field of the wire structure in the presence of the slab could

be substantially different from one determined from a quasi-static analysis.

III. Approximate form of the characteristic equation

Before we attempt to find the solution of the modal equation as

given in (8) on a computer by computing F(a) using numerical integration ,

we shall derive an analytical form of (8) under a thin-slab approximation

which preserves the essential features of interest in the problem , hut

allows the propagation constants to be found without extraneous numerical

computation. Such an approach is not only more efficient computationally,

but also can give physical insight int’~ i±e impact of the surface-wave

on the guided wave of a wire above a grounded slab .

2 ~
-

If the condition (n -1) 2 1 < < l  is satisfied , there are no TE modes

on the slab , and only one TM mode (thus only one pair of poles which we

denote iA ). Under the additional constraint T2<<D2, the damp ing influence

of the exponential in (9) allows us to replace the hyperbolic functions

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • . ._~~
. • • -:: ~
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by their small argument forms , giving

~ )
ç u  ÷Cu)T -2u D

F(a) 
~ 2 e dA (10)

(u
1
+I/TJ (nu 1

+u7T)

which further reduces to

2 2 2 —2u D
F(a) 

!LU 1+h / T - 

u
1
+n
2
/T 

+ ~~
—

~~
-
~~

- 

je 

1 dA (11)

where

= (n ’-1)T/n’ (12)

is the approximate location of the value of u1 for the TM surface wave

(these approximations are seen to be related to the surface impedance

characterization of a conducting plane with a thin dielectric coating [6]).

The first two terms of (11) can be evaluated as follows:

-2u 1)

~ e 
u1 1’ —2u 1 1

d A = —  e dA
iii u~+1/T in u~(l+u 1

T)
-~~~ (13)

I sinh u
1
T 

e 
2 T ) dA = H~~~(2~ I)- 11~

’
~ (2ç(D+T))

1T u
1

and likewise
tfl

-2u 1~ (1) (1)2 e 
2 d~ I1~ (2cD) - 1I~ (2~ (D+T/n~)) (14)

i~ u1~ n IT

Jntegr ru !s similar to the l s ~ t erm of (11) are encountered in the wire

over earth prob l em [2 ,7 ,8 ] ,  where  m e t h o d s  for t h e i r  ~p p r o x i m a t c  e v a l u a t i o n

are g i ven . We do n~~ :puat the  d e r i v a t i o n  here , bu t quo te  the  r esu lt , v a l i d

under  the  a d d i t i o n a l c o n s t r a i n t  of çI )~ < < l :

~ ~~~~~~~ ~~~• •~• • •~ •~~~ • .. .• .. ..
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-2u 0 / 2 2
- 

~u B dA ~2 1I5l) ( 2c0) + 

2 
- arctan ~ ;I) 7 (la)

1

wher e
= (1 ~2)½ (16)

denotes the location of the propagation constant for the lowest order TM

mode of the slab. The square roots /a~-& are to be chosen with positive

real part in order to correspond to Tm A
p~
0; note that a must be larger than

• a 2 in order for the surface wave to decay away from the wire. Furthermore , the

• singularity in (15) ata= should be noted . Nowsince the existence of this

• term results only from the excitation of the TM surface wave on the slab , this

• singular term simply reflects the dominance of the surface-wave effect

whenever the propagation constant aof a guided mode is located near a .

By combining (8), (11), (13), (14) and (15), we obtain the approximate

- (1)modal equation after taking small argument forms for H
0

/ 
~1

0 = a2Zn 2(D+T/n
2) 

~ 
2(D+T) 

+ 2a2
~

2
~~ nD/a2 _ l  + y - ~~~~ ~r-arctan~~~~~~~ ~‘2 2/a -a

( 17)

where I = 0.5772... is liuler ’s constant and is taken to have positive

rea l part .

Let us seek a perturbation solution of (17). For sufficiently low

frequencies , ~~~ and provided that a2-a
2 

is not too small , we find the

q~ asi-i ’EM a p p r o x i m a t i o n :

2 Zn [2 (0+1) IA] 
+ 18

Zn [2 (fl+T1n 2 ) IA 
- 

DZn (2D/A)

~~ II-I~ — 
-
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Comparing ( 1~~) and (18) ,  we see that in order to ac a proper mode (.
~~~
‘
~~~~)

we must have

~I)Zn(2 [)/A) < 1 ( 1 9 )

which is certainl y s a t i s f i e d  in t h e  low fre~uencv h i l t .

If (19) is not satisfied , the term which is singular ;t 
~ 

m a y he

important  and should  not then be ne g lec ted . A numer i ca l  s o l u t i o n  01 ( 1~~)

must then be obtained .

I V .  Numer ica l  r cs .It s

In order to test the validity of the approximate modal e~uat ion ( 1~~)

i t s  numer i ca l  s o l u t i o n  was compared w i t h  a n u m e r i c a l  so lu t  ion of the  c x ; c t

modal  equa t ion  (8) u s i n g  F ( a)  ob ta ined  by a n u m e r i c h l  i nt e~~~at i o n  of (~~~~~~
.

The l a t t e r  ( E ) , a s  we l l  as the  s o l u t i o n  of ( 1 7 ) ,  ( A ) ,  is shown in F i g .  5

for n=l .5 and 0=1 .0. Reasonable agreement is found over  the  e n t i r e  range

of T up to 0.5; indeed , it is rather better than one could expect from

the stated approximations. As expected , of course , best agreement is

obtained for 1<0.1. The quasi -IhM prediction (18) is also disp layed (QT);

for T>0.1 the error in (a-l) is on the order of hundreds of percent. The

reason for this failure of quasi-TEM theory can he seen by inspecting (17).

For small enough T , condition (19) holds and (a -i) is far enough from

(a-i) to leave (18) unaffected . As Fig. 3 shows , however , •~~ as given by

(18) soon violates (19), while the actual value of a is “dragged ’ un~ards

by the influence of . It is clear that for values of T larger th~ i ..

about 0.2, the mode is heavil\ ~~Iuenced by the TM surface wave of the slab ,

and is no longer given even approximatel y by quasi-TEM theory . It is thus

to be expected that t i c rieids of the mode , when it has attained th is

“surface—attached” character , will spread out along the slab away from

the wire to a much greater extent than those of  a quas i  -TFM mode. Similar
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~~behavior has been found in the wire  over earth problem [1 , 2 ] .

Figure 4 shows results for a substrate of higher refractive index

• (n=3) ; similar behavior to that of Fig. 3 is observed . In Fig. 5 , the

(rather small) effect of the value of I) on the solution of (17) is shown .

• V . Leaky Modes

It was speculated in the introduction that because of the surface-

wave interaction meachanism present here as well as in the wire over earth

situation , a second mode , which appears in the latter case , could also

occur here. However, no such second solution of (17) could he found numer-

ically near a=l , a or n. It can be argued that the lossy earth can be

obtained from this problem by continuously increasing the loss of n and

letting T-~.c= . The question naturally arises : what happens to the second

mode? There is, after all , a limited number of things that can happen .

It seems most likely that the second mode has disappeared into a branch

cut, and lies on an improper Riemannsheet , a leaky mode [9]. Unfortunately

the continuous transition to the lossy half-space cannot be carried out

on (17) because of the thin slab approximations involved . However , it

seems most likely that the cut associated with (which is responsible

for the existence of a second mode on the wire over earth) may be “hiding ”

this leaky mode. A search of the complex a-plane with the sign of Vci -c(

reversed in (17) (i.e., the Riemann sheet lm~~~~0, ImA ~~ 0) revealed the

existence of a leaky mode , with values of a occurring in complex conjugate

pairs as iswell-known for such modes 19 The trajectories of these modes

for n=1.5 are shown in Fi g. 6 (only the modes with positi~re imaginary

part are given).

It thus appears that the second mode in the case of a slab has been

forced into the improper Riemann sheet of the a-plane because of the absence
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of loss. Such a mode , al though improper , can be expected to exert

some influence in the radiation spectrum of aguiding s t r u c t u r e .  A l thoug h i t

is impossible to trace this continuous transition under our approximation ,

the passage of proper modes into improper sheets has been observed in othe r

problems upon continuous variation of the loss [10,11] or other waveguide

parameters [12 ,13].

VI. Conclusion

The numerical results presented here indicate that strong interaction

with the N surface wave of the slab can occur as the electrical thickness

of the slab becomes significant . A second , leaky mode has been found which

is probably related to the second mode in the wire over earth problem .

Both modes are influenced by the singular term in (17) which reflects the

surface wave influence , which thus cannot be neglected in these parameter

• ranges. A s imilar  singular term has been found in an analysis of microstrip

[14] but was neglected in solving the characteristic equation; a recent

treatment of optical stripline waveguides [15] notes this s ingular i ty  as

w e l l .  The expl ic i t  display of this singularity gives physical insight  into

the reason why neither TEM nor quasi-TEM theory is sufficient for such wave-

guides operating at significant electrical dimensions. It should be emphasized ,

of course, that these results are not directly applicable to microstrip

- 2 ‘(because of th e  assumption T << D ) ,  and that the surface-attached

phenomenon is  i m p l i c i t  in numerically exact solutions [16].

It should also he noted t h i t  ~~ range where coup l ing to the surfac e

w:. i s  s i g n i f i c a n t  ( e . g . ,  I greater  than 0 . 2  in the examples studied here)

tnu proper mode is a lmost entirely made up of the surface wave field , which

dccav~ as cxp (-;ik x) above the wire , but only as exp( -v ~~~~~ k0~ y~ ) in

the lateral direction . Since , in the case of I’ig.3, for T = 0. 4 , we have

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - •~~~~~~ ~~~~~~~~~~~
- --

~
• ~~• t 1 ~~ -~ L •~~~~~—~~~ -~~~ -~~ -•
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0.23 and v,c2_a~~~0.086 (exact values), it is seen that the mode in

a surface-attached condition will be concentrated in the vicinity of the

slab , and this property may be useful in guided radar configurations.
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Li st of Fi gure s

Fig. 1: Geometry of wire over grounded slab.

Fi g. 2: Branch cuts in the a-plane.

Fig. 3: Comparison of propagation constants a calculated from exact
equation (8) - E; approximate equation (17) - A; quasi-TEM

approximation (18) - QT; n = 1.5 , k a  = l0 ”
~, D 1.0.

Dotted line indicates exact value of a
P

Fi g. 4: Propagation constants from eqn . (17) - A; and quasi - ThM

eqn (18) - QT; n = 3.0 , D = 1.0 , k a  ~~~~ Dotted l i ne

indicates approximate value of a from (16).

Fig. 5: Propagation constants from eqn. (17) for n = 1 .5 , k a = l0~~ .
Dotted line indicates approximate value of a from°(16).

Fig. 6: Propagation constants for leaky modes from eqn . (l~ ) for

n=1.5 , k a  l0~~ . Modes occur in pairs symmetric about
real axis.
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METV.IC SYSTDI

BASE UNITS:
Quantity -- U~!L ~~~ ymboi

length metre m

mass kIlogram kg

time second a
electric current ampere A --

thermodynamic temperature kelvin K

amount of substance mole mol

luminous Inten sity candela cd

SUPPL~~W1TAJY UNITS:

plane angle radian rad

solid angle steradian Sr

D~3.W~~) UNITS:
AcceleratIon metre per second squared • .. mis

activity (of . ra dinective source) disintegration per second ... (disinteg,atiOnYs

angular acceleration radian per second squared ... rad is

angular velocity radian per second • -- rad ls

area square metre • • m

density kilogram per cubic metre - • • kglm

electr ic capacitance farad F A.sN

electrical conductance siemens S A/V

electric field strength volt per metr e ... Vim

electric inducta nce henry H V 5IA

electric potential difference volt V W1A

electric resistan ce ohm VIA

electromotive force volt V WIA

energy joule I N.m

entropy joule per kelvin .. )Il (

force newton N kg.mls

frequency hertz Hz (cycleYl

illuminance lux lx lmlm

luminance candel a per square metre ... cdlm

luminous flux lumen Inn

magnetic field strength amp ere per metr e • .. Aim

magnetic flux weber Wb V s

magnetic flux density tea ls T Whim

magneto inotive force ampere A

power watt W IS

pressure pascal Pa NIm

quantity of electricity coulomb C A..

quantity of heat joule N.m

radiant intens ity watt per st er ad ian - - - Wiar

specific beat j oule per kilogram .kelvifl ... )Ikg.K

stress pascal Pa NIm

thermal conductivity watt per metre-kelvin - . • WIIThK

velocity metre per second -. fIi/5

viscosity, dynamic pascal.second .. - Ps.s

viscosity, kinematic square metr e per second -- -
voltage volt V WIA

volume cubic metre • m

wavenumbe r reciprocal metre . • . (waveYln

work joule I N.m

SI PREFIXES:

Multip lication Fac tors PrefIx Si Symbol

1 000 000 000 000 = 10” tera

1 000 0O0 000~~~1U ’ gigs (4

1 000 000~~ 10” nI~~~ 
Yvt

1 000=10 ’ kIlo k

100 = 102 hecto ’

10 10 ’ deks da

10~~ 
deci d

0.01 1 0 ’  rMfl tr C

0.00 1 1 0 ’  mUll m

0,000 001 10~ 
micro IL

0,(Xil ) 00() 001 = 1 0 neno fl

O.000 0(l0 000 i tO l 1 0 ”  pUn

0.000000 000 000 001 10 ’3 feonlo

0.000 000 000 000 000 00I .~ icr” alto a

To be avoided wher. pøsslble.

— 7•

n ~~~~~~~~~~~~~~~~~ 
—

~~~~~~~ 
‘
~~~ 

~~ ~~~~~~~ — ~~~ .L. i. ~~~~~~~~~~ ~~~ ~~,



r ~~~~~~~~~~ -- ~1ft .*tLLUJ 1$~~iüii ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

MISSION
of

Rome Air Development Center

RADC plans and conducts research, exploratory and advanced
develo~~uent programs in command, con trol , a.nd cora ’nunicatIons
(C3) act ivities , and in the C3 areas of information sciences
and inte.Zlig.nce. The principal technical mission areas
are coaeitznications, electromagnetic guidance and control ,
surve.zllance of ground and aerospace objects, intaJligence
data collection and handling, information system technology,
ionospheric propagation, solid state sciences, microwave
physics and electronic reliability, maintainability and
compatibility.
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